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Desp sea diving, caisson er tunnsl wori, and sport diviaeg
1ave ong cormon feature--tle high baromstric pressure of ihe snviroen-
ment of the individual. The hizgh nressurs introduces ssveral polentlal
hazards (1) to tha diver that are related %o the gases of the high
prassure auvirorment, or do ths pressure changes encountered when enter-
ing or lsaving the high preassure snvirommert. Several of tha dangers
of diving produce clinical disasters involving the nervous aystanm {2).
Thess may ba dus to the conatliiuent ~asea ol respiratios, contaminanta
of the same 2ases or pressure differences within the body cavities and
tisguma,

whan a diver submerges below thie surface of the water, the
air he breathes must bs delivered 1o him ‘rom a corpressed source Lo
sgualize the pressure of the surrounding water, The nompressed alr
anteras the lungs, crosses the alveoll to enfer the blsod stream and
soon reaches the tissuss. The amount thint anters the tiasues iz detar-
mined Ly the solubility of the :asos in the bloed stream, and the
diffusion factors of the blood-tissue interface, The absclute guantity
of gas that enters the tissues is determined by these lactors plus the
dilferei.ce batwaen 1nitial us rnressure and the pressure of the deptn
of the dive, and the duration of the exposure to the hipgh pressurae.

The tissues become chargad with pas very much like a soda bottls ias
charged with carbcn Aruxide. If thw presaure driving the gas into the
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tigsues ia redicad ton roant A1y 1ike
the pas in thw s~da hottle whan tha o 1s mulled after sheddng: hubblee
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actuslly tear tissue interfering with their normal function, The
bubbles may 2180 enter the Blood sirsam to obstruct capillaries and
arteriolss of varicus organs, Two definite types of neurologic syn-
dromas develop under thess circumstances. One is dus to decompreasion
sigkneas and the other i due Lo air embolism,

NEUROLOGIC MANIFESTATIONS OF DECOMPRESSION SICKNESS

Deocompresaion sickness occurs when insufficient time ia
allowed for tissue gas to enter the blood stream 4in solution., The
longer and deeper the dive, the longer the required decompression time.
When the preasure is decreasad too rapidly, bubbles form within the
tiosues and aymptoms are produved by the tissus distortion.

The commonest aympiom of dscompression sickness ia pain,
Those cases that have only pain as the manifestation of disease are
often described as having the "bends". This term appears to have ori-
ginsted from ths poszture of tunisl workers who had compression eicknesg-—
a bent-over posture with hip and kn=e flexion 2ssociated with conaider-
able pain in the hack and legn. Several o'hsr clinical syndromas will
ocour and most of them are nsurclosic in charactsr, Tf the "bent"
turmel worker is not adequatealy treated by recompression he will oftan
suffer permanent damage tc his nervous system. Haymaker has given an
exosllant review of the pathologzic disturbances found in this condition (3).

The diver prasents a sumewhat different probvlem; his neurclogic
syndroms is different and the residua of inadequate treatment are usally
different from those of the caisson {tunnal) worker, Divsrs are ra-
stricted in thair exposure to high pressures sither by a limited cas

supply w2 with the aqualung, or by the schedulsd decompression tims




physiologically required, . g., by the deep sea divar. Those who do

not have pain usually present ons of two neurolozic svndromes:

onset; 2) delayed onset.

1) acuts

The following case illustrates tha first or acute onset type.

The patient was deccmpressing from a 10C foot, 15

minute training dive on air in an indoor training chamber.

At the 7 foot level he complained to his tander over the

telephones that his lege were weak. By the time he reached
ths surface of the water he was uncoascious, Treatment by
recorprsssion was startai immediately and at the 50 foot level
the patlent regained ccnaciousness, felt well but weak., AL
165 feet, maximum recompression depth, he walked without
difficulty, was disoriented to time and place, but was othar-
wise normal. Decompression was started acccrding to the
treatment table schedule, but was complicatad by signs of
cerabral edema. This remired a readjustment of tha decom-
pression schedule. The edema progressed and the patient be-
cane hemipleric ~nd surfered focal convulsions. At the com-
pletion of the recompression treatment that patient was put

in the hospital where he ateadily improved over a period cof

sevoral weeks,

The diver had a short dive in relatively shallow water and

would not usually be considered to be a candidate for decompression

sickness, His cas may actually he an axamrle of sir embolisem whicsh

wiil be described later.
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The machanism of this accident 1s not known. The dive waz
toc shallow to produce classical decompression siciness aftar the short
exposure. The viotim had been carefully examined before his training

and was considared heaithy. A possible alternative to dscompreasion

i)

ickneas ss an explanation for this cases was described by Lisbow, et ul
(L), who had the opportunity to perform an autopsy on a case of air
embolism, vide infra. A partial dronchial obstruction was found that
had gone undetected by history and physical and roentgenologic exami-
nations., Lisbow proposed that air becams trapped behind the partial
obstruation in a gingle assgment of lung, and that on ascent the en-
trapped air expanded, ruptured the alveolar tissues and gained access
%0 the blood streamr with resulting air ermbecliam. Evidence for this
type of pulmenary lesion is unlikely to be found by cliniral or radio-
graphic metruds. Bond (5) proposed that the crucial detection technio
would be exposure to high pressure. I%¢ is possible that some uf the
savere neurologic syndromes seen among divers result froem #uch entrap-
ment rather than from the classical mechanisms of decompression sick-
ness. [Entrapment ia of special intereat for those who plan to use
hyperbaric oxypgen therapy. Patiants of uncertain cardio-pulmoaary
history who may have undatected partial bronchial obstructions will be
unsuspected victims of "entrapment™. The poasibility of air embolism
will be high and plans should exist for the correct treatment by recom-
pression.

The second or dslayed onset iype of neurclegic syndroms seen
with decompression sickness 1s leas hazardous and somewhat easier to

treat. The symptoms arpear after surfacing and after a longer delay
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than the first type, vrogress more slowly. and seldom leave residua or
secmelne, The following case i3 made avallable o me from the files
of the U, S. Navy Fxperimental Divia~ Unit.

An experienced diver surfaced without incident from
his second dive of the day. His decomprsssion lasted 80 min-
utes, and hs had been on the surfaca three-guarters of an hour
when his legs ssemed to be numb., One howr later, he had diffi-
culty climbing stairs and in another 30 mimites discovered
that hic right leg was very weak, He immediately returned
to the diving site for treatment in the recompression cham-
ber. On examination, he was mentally clear and without speech
difficulties. His right arm was less weak than his leg. Thae
deep tendon reflexes were more active on tha right than on
the left, and the right plantar response was extensor
(Babinski). Ho sensory deficit was described. He was unable
to urinate. He was recompressed, and at 3 atmospheres rres-
sura had lost all symptoms wnd signs of deficit, The exam-
inatica at this time was normal except for slight weakness
of the rizsht quadriceps muscla. It was aasumed that he had
received adequatas relief and was therefore ireated in
accordance with Table I cf the [f. S, Navy Treatmant Tables.
After surfacing, re-examination was completaly normal and hs
was symptom-free. Exarinations after 2L hours were also
completely rovmal,

A survey of diving accigents reports we are making s still

unfinished., Unfortunately. 1t has provided very little taformation
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about spacific mechanimms of wmroduction of tte neurclogi: syndromes.
The consteliation of symptoms referrable to the nervous system is large.
Ths pattern of their appearance is varied. Seldom do classical newolo-
gic syndromes appear in decompraession sickness as they will in major
atery thrombosis or in air embolism. On many instamces 3% is almost
impossible to decide if the disorder lies in the spinal cord, brain
stam, internal capaule or the cersbral hemisphere. A symptom cormplex
such as blurred vision with red, scintillating scotome, pain in the
albow and vertipo is hard to correlate with a single lesion. Thers
are few neurologic signs or symptoms that havy been present in some of
our S00 cases, no characteristic pattern has been ound, and yet few
classical clinico-anatomic patterns have besn sesn,
NEUROLOGIC MANTFESTATIONS OF AIR EMBCLISM

Alr embolism among Jivers is a very real danger and very
serious accident, It usually occurs «hen ascent is rapid, which in
itselfl is often an accident, and is not related to the cuantity of gas
in the tismues (6). The accepted rechanism for the production of air
embolism is rupture of the alveolar wall by over-expanded gas within
the lungs and an increased tranmpulmonic pressure (7). The entrapment
mechanism is one possible cause of over-expanded gas. Brevath-holding,
coughing, swallowing are others. Yhen ths diver has his lungs filled
with compressed gas and ascends more rapidly than this compresssd gas,
now rapidly expanding as the pressura decreases, can escape through the
trachey, the alveolar tissuss will rupture and gas will enter the blood

stream, less often, the gas will dissact the peribronchial tissves and




enter the mediastimm. The air emb¢lus enters ths arterial stream,
passes through e heart and usually anters the cerebral circulation,
The syndromp evolved iz dateormined b the location of tlw embolus and
any changey that may occur in the embolus after it first cbstructs a
vessel. The ¢linical onset is sudden, occasiomally while the subject
ig still in the water, and always dramatie, Treatment is immediate
recompreasion to 6 atmospheres according to the U. S. Havy Treatment
Tables (1).

Among divers the commonest signs and symptoms of air embolism
cccur almost immedia €ly on surfacing, but one-third occur in ascent in
the water. The commonest initial symptom is loss of consciousness, but
a dizzy feeling, pain, paralysis, paresthesia2s, convulaions, crest pain,
cough, nausea and headache may occur before loss of nonsclousness. Some
patients have visual symptoms such as scotoma, constriction of the visual
fields, loss of vision, or changes 1n color percaption suzgesting emboli
in the vertebro-basilar asystem. One patient reported an hemianopsia,
Regardless of the mode of onset, if the patient iz not unconscious
from the beginning, he will ustally lose conscicusness and freguently
will have a convulsion., Hemiplegias are commen, and respiratory distraas
is frequently noted,

The only large collection of clinical data available to us is
from the submarine eacape training program of the U. 5. Navy, Air emboli
undoubtedly occcur among sports-divers, using aqualungs or other breathing
devices, but no reporting system axists to Turnish the information,

Thers iz 1ittle doubi that the neurologie svndrome is produced

by cbatruction of pi~ts of the arterial sup; ly to the brain., 7The ohvious
4 ! :



need {0 reconstitute satisfactory blood flow to the smbarrassed brain
tlasue requires hacte in initiating treatment, Fortinately proept
treatment is highly miccessful, and nol only are deaths nncommon when
correct treatment is used, but post-treatment morbidity is rare (6).

The perfect ireatment plan requires recompression within two or three
minutes of the clinicsl onset. The following patieni typically exempli-
fies cases of air enbolism.

An experienced submariner was learning to make fres
ascent escapes. At the training tank he successfully made
several frea ascents from shallow depths. During the 4O feot
ascant, no errors in tschnic were notec by the instructors in
the water. he surfaced uneveatfully and swam about 8 feet ts
the side of the tank, Thirty seconds later he was clinging
rigidiy to the ladder with the head turned sharply to the
left and a ghssy stare was cbsarved, He was unable to speak
and appeared to be out of contact with his environment. His
hands were pried from the ladder, he was taken intc the recom-
pression chamber, and rapidly recompressed to 6 atmospheres
pressure within L mimtes of the onset. At 2.8 atmospheres
ks bogan to move freely and at i atmospheres was considered
syrptadess, rFhysical examination revealed no abnormaiities.
Treatment was executed succes-fully and the patient recovered
completely.

Without apparent wrning, ths diwer axperisnced suflllicient

focal brain damags to produce an adversive movemsnit, iecass of contact,
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and very probabliy a foral seizure. He had amnesia Tor the entise
episode. This i3 the :ypical clinical picture seen by the diving in-
structors of the world: sudden onset, rapid and succassful therapy,
and no ssquelas.

A msecond example of air embolism is pressentad to illustrate
the clinical variability and to offer soms indirect evidence for the
etiologie mechanism. .

A 35-~7ear-old man who had completad submarine
escape training saveral times was underguing refresher train-
ing as required. He left the 50 foot lock at the escape
training tank without difficulty for a free ascent, During
the ascent, for reasons not stated in the repcrt, he was
taken into the 18 foot lock and when seen there was sputter-
ing and coughing. He was rational and without apparent
mpurologic deficit. The lock was drained and he was taken
to the recompression chamber in abcut 2 minmutes, There, his
pulse and skin oclor were good, but his breathing was ster-
torous. Limpness developed almost immediataly in the left
limbs follcwed by stiffness in the richt., Then generalized
flaccidity except for trismus ollowed and marked nuchal
emphysema was noted. Recompres:ion was immediately started,
The patisni wms at this time unconscious and failed to respond
to stimuli, At 5.2 stmospherss, he war semiconscious but
failed to recognize thos around him, and he dic not respond
to werbal commands. At & atmosphores, he regained conscious-

ness and shortly therealtar muscle tone returned and breathing
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becane easier. The patisnt statad hw felt comfortable, The
left limbs ware described as numb but this complaint dis.
spposred after 20 minutasg sxposure at 5§ atmospheres. The
treatment was sontinued and completad without f{urther svent,
but for signa of mediastinal empnysema. Post-recompression
x~-rgys of the che~t revealed streaking in the pulmonic flslds
and medlastinum compatille with emphysems and atelactasis.

This pstient experienced sevare and rapid neurologic embsr-
rassment. Because the neurologic disturbances weres s immediately asso-
ciated with pulmonic symptoms and signs, it could be predicted that they
resulted from air embolism of pulmenic origin (8). Their bilaterality
suggested eithor bilateral carotid or vertebro-tasilar erbeli., The
very short duration of the elirnical diszordsr was due to the irmediate
uss of correct therapy. There is vary little avidence concerning the
allowable safe delay bafore therapy, but if one assumes that the symp-
toms were the result of artarial obatruction, then only & few mimitas
is available before irreversibie damage will occur. Therapy now avaii-
abls and established as effective is recompreasaiors in a uroperly nunned
treatment unit. No othsr technique appears to remove the amboli os
of factively as recompression, Animal experiments reported by ihs
French Naval Laboratories at Toulon sugpest that Heparin when ruickly
injected may be esqually useful., The residus of air emboii decressed
from about 9% in their unheparinized animals to almost 10% in the
heparinized animals. ‘‘hetoer this method can bs uszsd in ths human is

not yet demonstrated. Understanding of the mechanism of the benefit




from Heparin is at best specuizative but s decresase in bubble surface
tension and ¢ consequent fragmentation of the bubbles with ralief of the

obstryetion may be suspectsd.

e

MANTFESTATIONS OF INERT GAS NARCOSIS

Behnke, Thomson and Motlaey (9) demonstrated that the confu-
sion and narcosis oxperienced by deep sea divers bresathing compressed
air was due to ths nltrogen in the air. They wers abl: to shbow that
heavier inert gases (ergon) increassd the narcosis snd lighter jases
(helium) decrsasad it. According to thuy layer-Overton hypothesis for
the nsrcotic effeet of volatile gases, the oll.water sclubility ratiocs
of the agents ars rolated to their efficacy. The measurs ratios, called
ithe Bunsen coefficients, ol the inert pansss predict the narcotic sffect
in the order observed. Thsue studies have been confirmed frequantly.

The ¢linical manifeataticny of inert fas nairocosis are protein
and veriable. Preolonged exposure will produce in the aubject an unnis.
takeable clinical state of mental ineffectivenass, suphoria, inappro-
priate behsvior, letharpy, haliucinations and unconsciousness,

Susceptability te narcosis 18 individual, variable from time
to time and from parson to parson, and rarely noted at pressures of
leaa than L stmospherss when breathing air. Benneatt {10) reparted that
aisatrogncaphatographic featurer may prediet susceptability in certain
cazes, but this has not yet bwen conflrmed.

MANTFESTAT (319 Or MYPEHOXYC DPOISONING

Exposura to high partie( pressures of oxygen produce toxio

sffacts oa various tiaguss of the body, occasionally manifest by phyaio-

logly alterations alore ard comagionally accompanied by hiastologic



changss. Paul Bert (1878) described oxygen convulsions (1ll). lorrain
Smith desoribed ths pulmcnary danags after 0.8 atmosphare oxygen sxpo-
sure of saveral days (12), The tragedy cf high oXygen environments in
inoubators for preaature infants that “"caused" retrolisntal fibroplasia
is faxmllisar. Viruses grow better when the partial pressure of oxygen
is inoressed (13). De Almisda described tesiicular damage in expsrimental
snimals after exposure tc high partial pressures of oxygen (1h). Steri-
lity may becoms an occupationsl hatard among surgesons who use hyperbaric
oxygen chambers,

The type of hyperuxic poisoning seen mmong divers occurs when
the partial pressure of oxygen exoeeds two atmospheres absoiute and
takes the form of the oxygen convulsion (15). A diver working at 30
to 35 feat on purs oxygen may experiencs a convulsion whe.eas the same
man, sitting quietly in a dry chamber, may tolsrate sxposures to 60 or
70 fest for periods two to thres times as long, It hae also been
obs rved that more divers have convulsions in warm than in cold watar.
A small inocrease in the partial pressure of carbon doxide in the breathing
mediaom will alsc shorten the latency and increase the incidence of con-
vulsions, Rxercise will also inoresse susceptability to oxygen convule
sions, Oxygen is rarely uuved to replaza compresssd air by non-military
divers becauss of the hasard of oxygen convulsionm. Sports divers ahould
never use oxygen in thelr equipment, but in the event of their becoming
affiioted with deoompression sicknees may be given oxygen under increassad
pressure during trsatment. Unfortunately, even individusls with experience
using oxygen during treatment may still on any partioular sxposure have
an oxygen convulsion (16). Fortunately, the fraquency of such an event-

uulity is very small,




The cause of the convulsicns, or the mechaninm of their pro-
duction 13 nct known, Several theories axist, but litile clarification
haa occurred. (hw clinical manifestrtions will sound guite famiilar
to olinirdons (swieaially the neurclogists) as they are iittin differ-
ent from those observed among patients with epilepsy. Many of the
patiente can tall you that they bescame hot, felt flushed, had a con-
striction of their peripheral visusl field, developed a sudden head-
ache (ganeralized), noticed taritching in the “1cial miscles, aspeclally
about the mouth, or developed a gsneralized paresthesis--a mumb feeling,
not a tingling. Soms had vertiru, while s few axperiencad nausea,
tinnitus, o= scintillating scotoma, Abcut 30 per cent of the patiusnts
will lose conscicusress as the first neurologic manifestation of the
oxygen poiscaing., Most of the convulsions have hean dazcribed as
tonto-clonic, ~eneralized, motor seizures, indistinguishabie from thosze
of grand mal., I have found omd or two that are focal, but this ia
umasual,

II" the convulaicn occurs in the water the greatest hazard ia
drowning. This is une of the many safety reasong for diving with a
"buddy". Treatment of tiw oxygsn convulsion i3 straight-forward.-atop
using oxygenj 1t 18 not necessary to decompress, Over 95% of the con-
vulsions were self-limited in our seriss, and nc specific therspy be-
yond replacing the oxygen with compressed air was Jiven,

Saveral studies have been conducterd on the effect of drugs
on the inoidence of the oxypgen convulalons, Mosgt of the anticomvulaanis

have increased the thrashold, and many agents that inoresss the partial
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pressure of carbon Mexide 1in the tiesues willi decrease the threshold,
Uns theory of axygen toxioity postulates ispairwat of sulfhydral ocon-
taining snsyme Aystems, as may occur afier radistion, and therefcore
ssveral agents used to prewent radiation sickness hawe been tested and
found t0 offer some pretactior against oxygen toxicity.

Fortunately, this newrologic hasard cf diving can be avoided
by the simples expedient of using compressed air Zor the breathing medium,
and using safe diving prooedures while in the water.

UNCOMMON SOURCES OF NEUROLOGIC HAZARDS

When: a diver is not careful of his source of compresssd air,
he may find it contaminated with carbon monoxide. This occurs when
oil-ludbricated compresscrs o>f ordinury design are used., Divers' gas
suppliss may be obtained from #pecial compresascrs, and these should have
their oosgressed gas checked by routine gas analyeis, Carbon wnoxide
ocontaminated gas supplise when bLreathed at depth may result in uncon-
sol.oumens or death without werming, Trestmnt is imwdiate removal
of thy contam_nated gas scurve and thus resuscitation asagures indicated.

Many exsmples of warine life produce nervous systam toxins
thut can be harardous to the diver. The ses snake is perhaps the most
toxie, it the ssa wasp, Uw Fortugusse man~of war axt ger urcehine are
sinilarly dangerous, The symptoms often start with intense pain {man-
of«war, urchine, ava vasp), followed by paralysis, asnesthesia, loas of
wpesch, respiratory osbarrsssont, convulsions and death, The treat-
ment consiats of remnving the taxic scuroe, clsaning the wound, occa.-

sirnally wiministaring antihistamine druge, »ad in some inatances
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antivenom (ses sraks), Several {ish are venomous. Tha aveploms are
quite aimilar, sa is the tresatment, Prevention is the best therapy.
Prompt recognition of the marine hazard permits the diver to avoid it,
Glovas, exposure swim suits, and shoes will often pretect the sporis
diver,
SUMMARY

Mving is hazardous. Both the mater and the increased pres-
fure presgnt hazards to the nervous system. Some of the nsurologic
ranifestations of decompression siciness--air embolism, inert gas nar-
coxis, and oxygen toxicity--have Dmen described. A few of the murine

lifa hazards have been meniioned that are toxic to the nervocus systea.

Careful diving technic combinsd with knowledge of the petential

sources °f danger should permit szale diving without smbarrassmert to

the nerv.is aystem. Carelessness Im diving is fraught with danger.
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